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ABSTRACT

The effect of temperature on the rate of proton transport and
ATP hydrolysis by plasma membrane (PM) and tonoplast (TN)
ATPases from barley (Hordeum vulgare L. cv CM 72) roots were
compared. Rates of proton transport were estimated using the
fluorescent amine dyes quinacrine and acridine orange. The ratio
between rate of transport and ATP hydrolysis was found to
depend on the dye, the temperature, and the type of membrane.
The PM ATPase had an estimated Arrhenius energy of activation
(Ea) of approximately 18 kilocalories per mole for ATP hydrolysis,
and the Ea for proton transport was best estimated with acridine
orange, which gave an Ea of 19 kilocalories per mole. The TN
ATPase had an Ea for ATP hydrolysis of approximately 10 kilo-
calories per mole and the Ea for proton transport was best
estimated with quinacrine, which gave an Ea of 10 kilocalories
per mole. Acridine orange did not give an accurate estimate of
Ea for the TN ATPase, nor did quinacrine for the PM ATPase.
Reasons for the differences are discussed. Because it was sug-
gested (AJ Pope, RA Leigh [1988] Plant Physiol 86: 1315-1322)
that acridine orange interacts with anions to dissipate the pH
gradient in TN vesicles, the complex effects of N03- on the TN
ATPase were also examined using acridine orange and quina-
crine and membranes from oats and barley. Fluorescent amine
dyes can be used to evaluate the effects of ions, substrates,
inhibitors, and temperature on transport but caution is required
in using rates of quench to make quantitative estimates of proton
fluxes.

Various membranes including the plasma membrane (PM2)
and tonoplast (TN) have been hypothesized to be primary
sites ofchilling injury because chilling temperatures may have
direct effects on the fluidity, viscosity, or phase-state ofmem-
brane lipids (13, 23, 26 and references therein). Ion leakages
caused by the effect of temperature on membrane lipids or

proteins have been cited as potential causes of chilling injury
or freezing damage (1 3, 28) and the process of cold acclima-
tion may include modification of lipid and protein compo-

' This work was partially funded by U.S. Department ofAgriculture
Competitive grant No. 85-CRCR-1-1647.

2Abbreviations: PM, plasma membrane; ApH, difference in pH
across the vesicle membrane; Ea, Arrhenius energy of activation; TN,
tonoplast; DCCD, dicyclohexylcarbodiimide.

nents of the PM or TN (13, 21, 28). One method to test
hypotheses about the direct effect of temperature on the TN
and PM is to examine the effects of temperature on isolated
vesicles (11). Analysis of the effect of temperature on isolated
PM and TN vesicles from plant tissues also can provide
information on the energy requirements of ion transport, the
mechanisms of action of membrane transport systems (16),
and the responses of plants to stressful high temperatures.
Since barley has been used as an example of a plant that does
not undergo chilling injury (26), it was of some interest to
examine the effects of temperature on transport by barley
membranes.

In order to measure the effect of variables such as temper-
ature and ions on the TN and PM ATPase, it is important to
find methods to measure transport that are not affected
significantly by the conditions being tested. If temperature-
and ion-insensitive methods are not available, then the effects
oftemperature and ions on the techniques that are used must
be defined. Fluorescent dyes such as acridine orange and
quinacrine are commonly used in procedures for estimating
rates of proton transport by membrane vesicles. However,
Pope and Leigh (25) discussed various artifacts that occurred
when acridine orange was used to measure pH gradients
formed in TN vesicles obtained from red beet storage tissue,
and Grzesiek and Dencher (15) described the artifacts that
can occur when 9-aminoacridine is used to measure pH
gradients. In this paper, the effects of temperature on ATP
hydrolysis and on proton transport by the TN and PM
ATPases of barley roots are described. During the course of
the experiments it became clear that estimates of the effect of
temperature on transport rates obtained with acridine orange
or quinacrine could be quite different, and that the same dye
might not be the best choice for the PM as for the TN. Some
limitations on the use of quinacrine and acridine orange are
described with respect to the two different membranes.

MATERIALS AND METHODS

Plant Material

Seeds of barley (Hordeum vulgare L. cv CM 72) and oats
(Avena sativa L. var Lang) were grown for 7 d at 22°C above
an aerated solution containing 0.1 mm CaSO4 (10).
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Membrane Preparations

TN and PM vesicles were prepared from barley roots as
previously described (12). TN vesicles were collected from the
22/30% interface and PM vesicles from the 34/40% interface
of a sucrose step gradient. The membranes were washed with
a buffered solution of 150 mM KC1, resuspended in a suspen-
sion buffer consisting of 0.25 M sucrose and 1 mM DTT in 5
mM Pipes-KOH (pH 7.2), and stored at -70°C prior to use.
There was little cross-contamination between the PM and TN
membranes as judged by enzyme assays, protein patterns on
SDS gels, and immunoblots using antibodies to PM and TN
proteins (12). Both the PM and TN fractions contained suf-
ficient amounts of sealed vesicles with the correct sidedness
to measure transport by the respective H+-ATPases, so that
the transport properties of the two membranes could be
compared in vitro.
TN enriched membrane fractions were prepared from oats

by the method described by Schumaker and Sze (27) and by
modifications of that method. The homogenization buffer
consisted of 0.25 M mannitol, 2 mm EDTA, 1 mM DTT, and
0.1% BSA in 25 mM Hepes BTP (pH 7.5) (27) or was a
modified version of the homogenization buffer used for bar-
ley. Other modifications are indicated in the text. A 10,000
to 100,000g pellet was resuspended in suspension buffer con-
sisting of 0.25 M mannitol, 1 mM DTT and 5 mM Hepes BTP
(pH 7.5), and layered over 10 mL of 10% dextran in the same
buffer. Following centrifugation for 2 h at 80,000g the TN-
enriched fraction was collected from the sample/dextran in-
terface and stored in 1 mL aliquots at -70°C until assayed.

Proton Transport Assays

The standard assay solution for proton transport consisted
of 0.25 M sucrose in 5 mm Pipes KOH, at pH 6.5 to 6.8 for
the PM and pH 7.5 for the TN ATPase, plus 2 gM acridine
orange or 5 ,M quinacrine. Mannitol was used instead of
sucrose for assays of oat membranes. The concentrations of
ATP, MgCl2, salts, and inhibitors that were used are indicated
in the figure legends. Previous experiments (9, 12) showed
that proton transport by the TN ATPase was completely
inhibited by a combination of 100 mM KNO3 and 1 uM
valinomycin, and the pH optimum was between 7.5 and 8.0.
Previous experiments (12; and our unpublished data) showed
that proton transport by the PM ATPase was stimulated by
valinomycin and KNO3, the pH optimum was between pH
6.5 and 7.0, and transport was completely inhibited by 100
,M DCCD. The initial rate of transport was inhibited 80% by
500 Mm vanadate (12). Single vials of frozen membranes were
thawed, stored on ice, and then used for assays for up to 3 h
without a significant change in rates.

Proton transport was assayed as the quenching of acridine
orange or quinacrine fluorescence using a Farrand3 System 3
spectrofluorometer. Fluorescence was measured with an ex-
citation wavelength of 495 nm and an emission wavelength
of 525 nm for acridine orange, and an excitation wavelength
of426 nm and emission wavelength of495 nm for quinacrine.

3 Mention of a specific product name by the U.S. Department of
Agriculture does not constitute an endorsement and does not imply
a recommendation over other suitable products.

Temperatures from 0 to 45C were maintained with a flow of
ethylene glycol-based antifreeze through a water-jacketed cu-
vette holder and connected to a Neslab water bath. The
temperature of each assay was determined by inserting a
thermocouple into the cuvette at the end of the assay. Tem-
peratures accurate to 0.1 C were measured using a Fluke
digital thermometer. Data were collected and analyzed by
using Asystant+ software (ASYST Software Technologies)
and an IBM compatible PC-XT. To determine initial rates,
the first 30 or 60 s of data for the quench curve were selected
and the slope determined by linear regression, with regression
coefficients >0.95. When quinacrine was used to assay trans-
port by the PM ATPase, there was a lag between the addition
of ATP and the beginning of ATP-dependent quench, espe-
cially at low temperatures. In that case the data for 30 s of
the steepest portion ofthe quench curve were used to approx-
imate the initial rate. Data shown are for representative
experiments.

ATPase Assays

ATP hydrolysis was assayed in the same assay solutions as
were used for proton transport, minus the fluorescent dye,
and total Pi released after 20 min was determined. ATP
hydrolysis by the PM fraction was assayed at pH 6.8 in the
presence of KNO3 and valinomycin and in the presence or
absence of 100 Mm DCCD. The difference is referred to as the
DCCD-inhibited ATPase activity. In the PM fraction 80 to
90% of the total ATPase activity was stimulated by Mg2+,
unaffected by azide, oligomycin or molybdate, and inhibited
by 100 Mm DCCD (12). ATP hydrolysis was inhibited 50%
by 200 to 500 Mm vanadate. ATP hydrolysis by the TN fraction
was assayed in the presence of 50 mm KCI or 50 mM KNO3
and the difference referred to as the NO03-inhibited ATPase.
Less than 50% of the activity was inhibited by NO3- and the
remainder of the activity was stimulated equally by Ca2" or
Mg2" and was not specific for ATP (9, 10). Inorganic Pi was
determined by a modification of the method of Lebel (1, 17).
Vanadate interfered with the Pi determination, so this inter-
ference was corrected for when vanadate was used in ATPase
assays. ATP hydrolysis was linear with time for 30 min at
temperatures up to 36C, the highest temperature tested. Data
shown are for representative experiments.

Arrhenius Energy of Activation

The Ea for ATP hydrolysis and for quench response was
calculated using the equation

Ea= - 'T * 4.576 (log k2-log k1)

where T is temperature (°K) and k is the rate of reaction. The
Ea values given in the text are calculated from the represent-
ative experiments shown in the figures. Similar values were
calculated in the replicate experiments.
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RESULTS

Effect of Temperature on the PM ATPase from Barley
Roots

The effect of temperature on the Mg2"-requiring, DCCD-
inhibited, N03--insensitive ATPase was compared with the
effect oftemperature on the N03--insensitive proton transport
in the PM fraction. ATP hydrolysis was assayed in the pres-
ence or absence of 100 .M DCCD and the DCCD-inhibited
component ofthe ATPase was taken as an estimate ofactivity
of the proton translocating ATPase. Vanadate-sensitive AT-
Pase was not used, because the effect of vanadate on transport
by sealed PM vesicles was complex (4, 12) and vanadate did
not give complete inhibition of proton transport. ATP hy-
drolysis by the PM ATPase from barley roots was assayed as

a function of temperature from 0 to 45°C (Fig. 1). The rate
of ATP hydrolysis increased with temperature and reached a

maximum around 40C (Fig. IA). Arrhenius plots of the data
(Fig. 1B) indicate that the log of the rate for ATP hydrolysis
increased in a linear fashion as a function of temperature
between 4 and 40°C. The Ea for ATP hydrolysis was 18 kcal/
mol for the DCCD-inhibitable ATPase.

Acridine orange and quinacrine were used to estimate
relative rates of proton transport by the PM ATPase as a

function of temperature (Figs. 2 and 3). Several difficulties
were encountered in making the measurements, particularly
with quinacrine. The amount of quench per mg protein was
less with quinacrine than with acridine orange, and the fluo-
rescence intensity of 5 tsM quinacrine was less than that of 2
,M acridine orange. The resulting high signal-to-noise ratio
for quinacrine (Fig. 2, B and C) made it more difficult to
measure the low rates of transport that were obtained at
temperatures below 20°C. Unless large amounts of protein
were used, it was difficult to distinguish ATP-dependent
quench of quinacrine fluorescence from background noise in
the recordings. At temperatures above 20°C, rates were suffi-

ciently high that small amounts of protein could be used for
the measurements and a single membrane preparation could
be used for many assays. Upon addition of NH4Cl to the
vesicles, to collapse the ApH, fluorescence of acridine orange

returned to the original level but fluorescence of quinacrine
did not (Fig. 2). Measurement of the initial rate of quench
was also difficult with quinacrine because the response of the
dye to formation ofa ApH was delayed (Fig. 2B). After adding
ATP, there was typically a lag before the fluorescence of
quinacrine began to decrease; the lag probably occurred while
sufficient quinacrine entered the vesicles to initiate self-
quenching by the concentrated dye molecules. There was a

small lag with acridine orange below 20°C (Fig. 2A).
Using either dye, the initial rate ofquench increased greatly

from 10 to 30°C and reached a maximum near 40°C (Fig. 3).
The Ea for proton transport was 19.1 kcal/mol for the data
from 13 to 37°C when acridine orange was used (Fig. 3B).
This was similar to the Ea of 18 kcal/mol for DCCD-inhibited
ATP hydrolysis. The calculated Ea for quinacrine was much
higher, being 30 kcal/mol for the data from 22 to 40°C (Fig.
3B). One reason for a high value for the Ea may be the fact
that the lag in the quench response increased as the temper-
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Figure 1. A, ATP hydrolysis by the PM ATPase as a function of
temperature. Membranes (6 ug protein per assay) were incubated
with 3 mm ATP, 3 mm MgCI2, 50 mm KNO3, 1 mm EGTA, 1 uM

valinomycin, and 25 mm Pipes KOH (pH 6.5) in the presence (E) or
absence (0) of 100 lsM DCCD for 30 min at the indicated temperature.
DCCD-inhibited ATPase (0) was calculated as the difference between
the activity in the presence and absence of DCCD. Each data point
is the average of three determinations. B, Arrhenius plot of data in A.
The lines were fitted by linear regression analysis of the data from 4
to 440C. For ATPase in the absence of DCCD (0) Ea = 16.7 kcal/
mol, r = -0.9932; in the presence of DCCD (I) Ea = 13.8 kcal/mol,
r = -0.9923; and for DCCD-inhibited ATPase (0) Ea = 18.1, r =
-0.9890.

ature decreased, so that initial rates of transport at low tem-
peratures were underestimated.

Effect of Temperature on the TN ATPase from Barley
Roots

ATP hydrolysis by the TN membranes increased as a
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function of temperature form 0 to 40°C and reached a maxi-
ATP mum around 40°C (Fig. 4A). Arrhenius plots of the data

100
l

indicated that the log of the rate of ATP hydrolysis was

approximately linear over the range of temperatures used
(Fig. 4B) and the Ea for ATP hydrolysis in the presence of
KCI or KNO3 as well as the N03-inhibited ATPase were all

90- 1\\\

between 10 and 12 kcal/mol. The N03-inhibitable compo-90 \\\ nent ofATP hydrolysis was assumed to represent the activity
16 of the TN ATPase (9).

The effect of temperature on proton transport by the TN
ATPase also was measured (Fig. 5). When acridine orange

80
-

was used to estimate initial rates of transport, the effect of
J

21 AM temperature on transport was very different from the effect\*><2825 A

of temperature on ATP hydrolysis. Relatively high rates of
I 39J \>1 quench were measured at low temperatures, from 2 to 15°C

70 AAM AM (Fig. 5A), but the rate declined above 15 or 20°C (Fig. 5A)
and was very low above 30°C. The results obtained with

AM quinacrine were more similar to those for ATP hydrolysis

(Fig. 5A). The initial rate of quench increased from 9 to 38°C
B and decreased above 40°C and the Arrhenius plot of the datag

100

(Fig.SB) shows alinear increase in log of the initial rate of
transport from 9 to 38C. The Ea for transport of 9.7 kcal/

>1 mol that was obtained with quinacrine was similar to the Ea
of 10.3 kcal/mol for the N03-inhibited ATPase (Fig. 4B).Cn The problem of an initial lag with quinacrine was not so

Q)
-

pronounced as with the PM ATPase. One reason may be that
C:

111 i 1 | I | the TN ATPase was assayed at pH 7.5, creating a small initial
Q)

22
1t. l

pH gradient prior to the addition of ATP.

Oi) 80 1\ rIRatiosof Transport to ATP Hydrolysis
Vn \ 30 rS ^

Initial rates of proton transport were expected to remain
(1) TAM proportional to initial rates ofATP hydrolysis when the rateso |

+
|

were altered by varying the assay conditions (2). A comparison
[i 70 AM AM of Figures 1 to 5 shows that sometimes this was not true when

fluorescence quench techniques were used to estimate trans-
port rates. To facilitate the comparison, the ratio of rate of
quench to rate of ATP hydrolysis was calculated for the PM

ATPases for both quinacrine and acridine orange atl
number of temperatures (Table I). The DCCD-inhibited

ATPase was used to estimate the rate of ATP hydrolysis by
the PM ATPase, and the N03-inhibited ATPase was used to

ATP estimate the rate ofATP hydrolysis by the TN ATPase. Some90
-

| i | | variability was introduced into the calculations as a result of
9 #

| l l lcalculating the DCCD-inhibited ATPase or the N03-inhib-
ited ATPase and then dividing that number into percent
quench to obtain the ratio.

3080 \0- 3,3 11 jr lAFigure 2. Effect of temperature on the time course for ATP-depend--\\||
ent quench of fluorescence by the PM ATPase. Transport was339o. 3636 A AM assayed as in Figure 1 with 5 mm Pipes-KOH (pH 6.8). TransportA_ _ F
was initiated by the addition of 3mM Tris ATP and halted by the

70 addition of 3 mm NH4CI (AM). A, transport was assayed with 2Mm
acridine orange, using 28 Mg protein per assay. Traces are normalized

|
so that the quench curves begin at the same fluorescence intensity.

I
400 80B assayed with 5AM quinacrine, using 35 Mg

protein per assay (B), or 28 Mg protein per assay (C). Numbers

ime (secX indicate assay temperature(0C). Origin of traces is offset for clarity.
TIm (sc)yMembranes used in Figure 2A were from roots grown with 100mM

NaCI.
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Figure 3. A, Initial rates of proton transport by the PM ATPase as a
function of temperature. Transport was assayed as in Figure 2 with
2 AM acndine orange (0) using 24 Mg protein per assay at all
temperatures or with 5 gM quinacrine (U) using 35 Mg protein per
assay at temperatures below 290C and 28 Mg at higher temperatures.
B, Arrhenius plots of data in A. The lines were fitted by linear
regression analysis of the data from 13 to 370C for acridine orange
(Ea = 19.1 kcal/mol, r = -0.9696) or the data from 22 to 400C for
quinacrine (Ea = 31.2 kcal/mol, r = -0.9647).

The ratio oftransport to ATP hydrolysis for the PM ATPase
did not vary much as a function oftemperature when acridine
orange was used and ranged from 0.3 to 0.4%/nmol ATP at
12 to 37°C. Quinacrine gave a lower ratio of quench to
ATPase, and the ratio increased greatly from 20 to 40°C,
probably because the initial rates of protein transport were
underestimated at lower temperatures, as discussed above.
The TN ATPase gave a ratio of quench to ATPase with

quinacrine of 1.6 to 2.7%/nmol ATP for temperatures be-
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Figure 4. A, ATP hydrolysis by the TN ATPase as a function of
temperature. Membranes (15 Mg per assay) were incubated with 1
mm ATP, 1 mM MgCk2, 5 mm Pipes KOH (pH 7.5), and 50 mm KCI (0)
or 50 mm KNO3 (E) for 30 min at the indicated temperature. The
N03-inhibited ATPase (0) was calculated as the difference between
the activities with KCI and KNO3. Each data point is the average of
three determinations. B, Arrhenius plot of the data in A. The lines
were fitted by linear regression analysis of the data from 4 to 41 0C.
For ATPase in the presence of KCI (0) Ea = 11.1 kcal/mol, r =

-0.9968, in the presence of KNO3 () Ea = 11.6 kcal/mol, r =

-0.9954, and for the N03-inhibited ATPase (0) Ea = 10.3 kcal/mol,
r = -0.9763.

tween 12 and 37C. When acridine orange was used the
highest ratio of quench to ATPase was 9.8%/nmol ATP, at
12°C, but the ratios declined at higher temperatures. In order
to decrease the variability in the calculations, the ratios for
the TN ATPase were also calculated by assaying total Pi
released during a 10 min fluorescence quench assay (Fig. 6).
For quinacrine, ratios of quench to total Pi were approxi-
mately 0.5%/nmol and declined slightly as temperatures were
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Table I. Effect of Temperature on the Ratio of Initial Rate of Quench
to ATP Hydrolysis

Ratio
Transport Transport

Membrane Temperature ATPase to ATPase

AOa Quinb AO Quin

°C nmol Pi/Mg/min %Q/ug-min %Q/nmol Pi

PM 12 0.14c 0°06d NDde 0.43 ND
20 0.37 0.13 0.01 0.35 0.03
24 0.58 0.18 0.05 0.31 0.09
32 1.27 0.47 0.19 0.37 0.15
37 1.80 0.76 0.29 0.42 0.16
41 2.24 0.48 0.48 0.21 0.21

TN 9 0.07' 0.459 0.069 6.4 0.9
12 0.06 0.59 0.16 9.8 2.7
17 0.12 0.61 0.23 5.1 1.9
20 0.18 0.49 0.28 2.7 1.6
24 0.15 0.59 0.30 3.9 2.0
32 0.26 0.18 0.63 0.7 2.4
37 0.32 0.14 0.51 0.4 1.6
40 0.40 ND 0.49 ND 1.2

a Acridine orange. b Quinacrine. c DCCD-inhibited ATPase
from Figure 1. d From Figure 3. *Not determined. N03--
inhibited ATPase from Figure 4. 9 From Figure 5.
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Figure 5. A, Initial rates of proton transport by the TN ATPase as a
function of temperature. Transport was assayed with 1 mm Tris-ATP,
1 mM MgCI2, 50 mm KCI, 1 mm EGTA, and 5 mm Pipes KOH at pH
7.2 with 2 AM acridine orange (0) using 10 Mg protein per assay or
at pH 7.5, with 5 AM quinacrine (U) and 48 Mug protein per assay. B,
Arrhenius plot of the data in A. The line was fitted by linear regression
analysis of the data from 10 to 37°C for quinacrine (Ea = 9.8 kcal/
mol, r = -0.9276).

raised from 16 to 40C. For acridine orange, ratios of quench
to total Pi declined steeply as a function of temperature,
ranging from 3%/nmol at 16°C to 0.5%/nmol at 40°C.

Effect of Temperature on Steady State pH

The effect of temperature on the steady state quench of
fluorescence was also estimated. The steady state ApH is
achieved when proton influx via the pump equals proton

4

3

2

0 10 20 30 40 50

Temperature (OC)
Figure 6. Ratio of the initial rate of quench of fluorescence to the
rate of ATP hydrolysis as a function of temperature. Transport by the
TN ATPase was assayed with acridine orange (0) or quinacrine ().

The fluorescence quench assay was carried out for 10 min at each
temperature, then 0.5 mL aliquots of the reaction mixture were taken
and Pi determined. Rate of quench and rate of ATP hydrolysis were
calculated and the ratio of %Q/total Pi released were determined.

effiux. The steady state quench that was attained at each
temperature for the PM and TN ATPases is shown in Figure
7. The steady state quench obtained with acridine orange was
as much as 10 times greater than that obtained with quina-
crine for the PM ATPase (Fig. 7A). Steady state quench for
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for both the PM and TN ATPases there was a range of
temperatures where the steady state ApH was insensitive to
temperature. In the presence of acridine orange the values for
the ApH formed by the PM ATPase were ofsimilar magnitude
from 10 to 30°C, whereas in the presence of quinacrine the
values for the ApH were approximately the same from 20 to
40°C. The values for the ApH formed by the TN ATPase
were approximately the same, regardless oftemperature, from
5 to 20°C for acridine orange or from 15 to 35°C for quina-
crine, then declined at higher temperatures.

Effect of Preincubation at Higher Temperatures

The decline in initial rate ofquench and steady state quench
of acridine orange that was observed for the TN ATPase at
temperatures above 20°C could be due to an irreversible
process, such as degradation of the physical structure of the
membrane by lipases or proteases. To test whether the decline
was reversible or irreversible, the TN membranes were prein-
cubated at higher temperatures before being assayed at 11C
(Fig. 8). When the membranes were preincubated at 24 or
32°C for 10 min and then assayed at 11C, the rates were
similar to the rates at 11°C for untreated membranes. The
absence of an effect of pretreatment at higher temperatures,
together with the very different temperature profile obtained
using quinacrine, argues against physical damage to the TN
membranes during short incubation periods at temperatures
as high as 32C. Another explanation for the decline in rates

50

Figure 7. Steady state quench of fluorescence as a function of
temperature. Transport was initiated by addition of ATP and fluores-
cence intensity was measured long enough to reach a steady state
with no change in fluorescence intensity with time (or for 30 min).
The steady state quench was calculated as the % fluorescence
recovered upon addition of NH4CI. A, Steady state quench for the
PM ATPase, measured with acridine orange (0) or quinacrine (U); B,
steady state quench for the TN ATPase, measured with acridine
orange (0) or quinacrne (U).

quinacrine may be underestimated because there was not
complete recovery of quench upon addition of NH4C1 (Fig.
2, B and C). The greatest values for steady state quench were
attained near 20°C for acridine orange, but between 30 to
40°C for quinacrine. The steady state quench also was greater
with acridine orange than with quinacrine for the TN ATPase
(Fig. 7B). It reached a maximum from 10 to 20°C for acridine
orange and from 15 to 30°C with quinacrine. At low temper-
atures, the steady state quench attained by the TN ATPase
with acridine orange was very large, as much as 8.5%/zg
protein at 2°C and 10%/,ug at 10°C. If it is assumed that the
steady state quench is a measure ofthe steady state ApH, then
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Figure 8. Effect of preincubation at different temperatures upon
steady state quench by the TN ATPase. Transport was assayed with
2 AM acridine orange, 50 mm choline Cl, 1 mM MgCI2, 2 mm EGTA,
and 5 mM Bis-Tris-Propane/Mes (pH 7.7), using 26 'gg protein per
assay. Vesicles were held on ice, then (a) assayed at 11 OC; (b)
preincubated 10 min at 240C, returned to the ice, then assayed at
11 °C; (c) preincubated 10 min at 320C, returned to the ice, then
assayed at 11 OC; or (d) assayed at 320C. Transport was initiated by
the addition of 1 mm ATP and halted by the addition of 3 mM NH4CI
(AM).
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observed with acridine orange above 20°C might be that it
directly inhibited the TN ATPase. However, neither 2 FM
acridine orange nor quinacrine had any effect on the rate of
ATP hydrolysis (not shown). The data are consistent with the
hypotheses ofPope and Leigh (25) that acridine orange within
the vesicles combines with anions such as Cl- or NO3- to
form lipophilic ion pairs that dissipate the pH gradient, and
that this interaction is temperature dependent.

Effect of N03- on the Transport Assays

Because various published results from this laboratory were
obtained by using acridine orange to measure transport by
the TN ATPase, it was important to determine if the results
were reproducible with quinacrine. Similar measurements of
Na+/H+ exchange (14) and of collapse of the ApH upon
addition ofvalinomycin (9, 12) were obtained with quinacrine
or acridine orange (J Garbarino, FM DuPont, unpublished
data) and it was easier to measure the Na+/H+ exchange with
acridine orange because of the greater sensitivity ofthe dye to
a ApH. There was also a question about measurements which
demonstrated that the effects of NO3 on proton transport by
the TN ATPase varied as a function of temperature (9). At
low temperatures, NO3- did not immediately inhibit proton
transport as measured by quench of acridine orange fluores-
cence. Since Pope and Leigh (25) reported that NO3- inter-
acted with acridine orange but not quinacrine in a tempera-
ture dependent manner, it was possible that the two-phase
time course that was observed in the presence of NO3- (9)
was an artifact associated with the use of acridine orange.
Therefore, the effects of NO3- on the TN-ATPase were ex-
amined using quinacrine (Fig. 9). In the presence of KNO3, a
two-phase time course of fluorescence was obtained for quin-
acrine similar to that previously observed with acridine or-
ange. Addition ofATP initiated quench of fluorescence in the
presence of 50 mM KNO3, indicating that an ATP-dependent
pH gradient was formed and only subsequently dissipated.
There was a lag of 1.5 min before any inhibitory effect of
NO3- was observed. Quinacrine plus NO3- gave a greater
extent ofquench than was obtained with acridine orange plus
NO3- (not shown) as might be predicted if the pH gradient
was dissipated more rapidly in the presence ofacridine orange
than in the presence of quinacrine (25).

It frequently has been reported that high concentrations of
NO3- completely inhibit transport by the TN ATPase (25 and
references therein). Therefore, a test was made to determine
ifthe variable effects ofNO3- were unique to TN from barley
roots. A TN enriched membrane fraction was prepared from
oat roots by the method of Schumaker and Sze (27) and the
effects of KNO3 on transport were determined. No proton
transport was detected in the presence of 50 mm KNO3 (not
shown). However, when oat roots were homogenized in a
similar buffer to that used for the barley roots, a two-phase
time course for ATP-dependent proton transport was ob-
served (Fig. 10). The main differences between the two buffers
were that the former (27) contained BSA and was adjusted to
pH 7.5 and that the procedure used a smaller volume of
homogenization buffer per gram fresh weight ofroots, whereas
the latter (Fig. 10) had a four-fold higher concentration of
EDTA, a fourfold higher concentration of DTT, and was
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Figure 9. A comparison of the effect of KNO3 and KOl on the time
course for ATP-dependent quench by the TN ATPase from barley
roots. Assayed with 5 ILM quinacrine and 23 ,zg protein at 1400, with
50 mM KCI or KNO3. ATP and NH4CI (AM) were added as indicated.

adjusted to pH 8.0. The effects of each of these variables were
tested separately. Addition of ATP caused a pH gradient to
form in the presence of NO3- when the membranes were
prepared using the higher pH buffer or buffer with 8 mM
EDTA. Changing the concentration of DTT did not affect
the results, and adding BSA to the barley root buffer merely
gave a higher estimate of protein concentration for the mem-
brane preparation.

DISCUSSION

Several methods are commonly used to measure ApH in
membrane vesicles in order to measure transport by H+-
ATPases in vitro (29 and references therein). A convenient
method to estimate rates of transport is to measure the initial
rate of quench of a fluorescent amine dye such as quinacrine
or acridine orange (2). The assumption made is that the initial
rate of quench is proportional to the initial rate of formation
of the ApH, which is proportional to the proton influx. The
results in this paper demonstrate that this assumption is not
always correct.

Estimates of the effect of temperature on rates of transport
by two barley ATPases depended on whether acridine orange
or quinacrine was used and on which ATPase was measured.
For the PM ATPase, the rate of quench was nearly propor-
tional to the rate ofATP hydrolysis from 12 to 37°C if acridine
orange was used. When quinacrine was used, however, there
was a pronounced lag at the start of the quench curve which
made it difficult to estimate initial rates. The ratio of quench-
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transport by a TN-enriched membrane fraction from oat roots. Trans-
port was assayed with 2 gm acridine orange and 62 gg protein at
200C, with 50 mm KCI or 50 mm KNO3. ATP and NH4Cl (AM) were
added as indicated. Membranes were prepared using a homogeni-
zation buffer similar to that used for the barley roots.

to-ATPase for quinacrine increased with temperature and the
estimated Ea for transport was nearly twice that for ATP
hydrolysis by the PM ATPase. For the TN ATPase, the rate
of quench was proportional to the rate of ATP hydrolysis
from 10 to 37°C when quinacrine was used. It was not as
difficult to measure transport with quinacrine at low temper-
atures for the TN ATPase. The problem of an initial lag with
quinacrine was not serious and the TN ATPase had a lower
Ea than the PM ATPase, so the rates did not decrease as
much when the temperature was lowered. When acridine
orange was used for the TN ATPase, however, there was little
coffespondence between the effects of temperature on trans-
port and on ATP hydrolysis. It should be noted that similar
high rates of quench of acridine orange were not observed at
low temperatures for TN vesicles from tomato cells (I11).
Transport by the tomato TN H+-ATPase incrse from S to
30°C with an Ea of approximately 10 kcal/mol.

Acridine orange was a more sensitive indicator of the &pH
for both PM and TN and a larger percentage of acridine
orange than quinacrine was taken up in response to the same
size ApH. In order to understand the differences between the
interactions of the two dyes with the PM and TN, it would
help to understand the mechanism of pH-dependent quench,
but this is not known. One mechanism of quench may be
dye-dye interactions that occur because the molecules are
concentrated within the vesicles. Another may be binding of
dye to the membranes. If the dye behaves like a permeant

weak base the distribution of the dye between the interior of
the vesicles and the external medium in response to a ApH is
described by the following equation:

pHo- pHi = log(Ai/Ao) + log(Vo/Vi)

where A is the total amount of dye and V is the volume (18).
For this ideal behavior, a plot of log (Ai/Ao) versus ApH gives
a straight line with a slope of 1 and the yintercept equals log
(V0/Vi). Over a certain range of ApH, acridine orange has
been reported to give a linear plot for log (Ai/Ao) (2, 18, 24)
but the slope is not equal to 1, and more dye is accumulated
than is predicted. It is speculated that the dye also binds to
negative sites on the membrane ( 18). If that is the case, then
both the bound and free dye accumulate in response to ApH
and are released by addition of ionophores.

It is possible to estimate the actual concentration of dye
that is accumulated within the vesicles. Estimates for the
internal volume of similar vesicles ranged from 0.5 to 10 ,uL/
mg protein (20, 24). A preliminary estimate for the volume
of the barley TN vesicles is 2 ML/mg protein (FM DuPont, JJ
Windle, unpublished data). Given a maximum steady state
quench of 1 %/gg protein (TN, Fig. 7), measured in 3 mL of
2 jAM acridine orange, and a volume of 2 IAL/mg protein, then
a concentration of at least 30 mM acridine orange was
achieved in the TN vesicles, which is 15,000 times the external
concentration. Similarly, the maximum steady state quench
was 0.7%/Ag protein (TN, Fig. 7) in 5 gM quinacrine, giving
an internal concentration of 53 mm quinacrine, 10,000 times
the external concentration. In the same vesicles there was
only a 15-fold concentration gradient for methylamine (FM
DuPont, DC Bush, unpublished data). Pope and Leigh (25)
suggested that acridine orange and anions interact within TN
vesicles and liposomes and somehow dissipate a performed
ApH. The high concentrations of acridine orange that are
accumulated in the TN vesicles may contribute to this tend-
ency to dissipate the ApH, but are not sufficient to explain it,
since even higher concentrations of dye were achieved with
quinacrine.

It is difficult to determine the effects of anions on the TN
ATPase if anions also interact with the dye that is used to
measure proton transport. The results in this paper demon-
strate that the degree to which NO3- inhibits the TN ATPase
also depends on the method that is used to prepare the
membranes. NO3- prevented the formation of a ApH when
the TN vesicles were prepared by one method, but the TN
ATPase was much less sensitive to NO3- when the vesicles
were prepared by a different method. One hypothesis to
explain this variable sensitivity to NO3-is that inhibition by
NO3-is a sign ofdamage to the ATPase, whereas the enzyme
might be relatively insensitive to NO3- in vivo.

There were no serious difficulties in using acridine orange
together with N03- to measure the ApH formed by the PM
ATPase (9, 12). The PM ATPase maintained a ApH in the
presence of acridine orange and N03- for more than 30 min.
The differences between the effect of acridine orange on PM
vesicles, TN vesicles from barley, TN vesicles from tomato
(11) and liposomes (25) might be caused by differences in
lipid or protein composition. The barley PM fraction had a
higher ratio of sterols to phospholipids than the TN-enriched
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fraction, whereas the latter was enriched in sphingolipids (D
Brown, FM DuPont, unpublished data). The interaction of
the dye with the membrane may be affected by differences in
charge density on the inner surface of the vesicles because of
differences in lipid head group composition, exposed portions
of membrane proteins, or degree of glycosylation. Another
possibility is that acridine orange interacts with a transport
protein in the barley TN.
The estimates of the transport-to-ATPase ratio for the TN

and PM ATPases permit a crude comparison of the propor-
tion of the ATPases that were in sealed vesicles with the
orientation needed to generate a ApH (right-side out TN and
inside-out PM). The transport-to-ATPase ratio for the TN
ATPase was much higher than the ratio for the PM ATPase
(Table I). With quinacrine for example, the ratio of quench
to ATPase for the TN ATPase was at least 10 times higher
than for the PM ATPase. This suggests that there were many
more sealed TN vesicles than sealed PM vesicles. Other factors
may also contribute to the differences in ratios. A difference
in stoichiometry ofH+ transported per ATP hydrolyzed could
make a twofold difference since the estimated stoichiometry
for the fungal PM ATPase was one H+/ATP (24) whereas the
estimate for the TN ATPase from red beet storage tissue was
two H+/ATP (3). If the internal buffering capacity of the PM
vesicles was larger than that of the TN vesicles, then the ratio
ofATPase to quench would be lower for the PM than the TN
vesicles. Additional factors which might contribute to the
difference could be a DCCD-inhibited ATPase which is dif-
ferent from the PM H+-ATPase, and a tendency for the TN
vesicles to accumulate more molecules of amine dye than the
PM vesicles per unit of ApH.

There were no obvious deviations from linearity for the
Arrhenius plots of the data for ATP hydrolysis by the TN
ATpase from 4 to 40C. The Ea was approximately 10 kcal/
mol for ATP hydrolysis and also for proton transport meas-
ured using quinacrine over the range of 10 to 37C. The drop
off in rates of quench of quinacrine at temperatures below
10°C may reflect problems in using quinacrine at low tem-
peratures. The Arrhenius plots for the PM ATPase were fitted
by a straight line from 4 to 38°C for transport measured with
acridine orange and from 4 to 40°C for ATP hydrolysis.
Caldwell (6) and Caldwell and Whitman (8) analyzed the
effects oftemperature on PM from barley roots using intrinsic
protein fluorescence, spin probes, and fluorescence probes.
They reported changes in slopes for ESR and fluorescence
parameters at 12°C, but no significant change in the slope for
ATP hydrolysis at 12°C was observed (Fig. 1B). Extremely
accurate measurements might reveal changes in the slope at
specific temperatures, but such a detailed analysis requires
that the effect of temperature on Km be considered (5, 7, 30),
that linearity of the ATPase throughout the assay be verified
at all temperatures, and that sufficient protein be used at low
temperatures to accurately measure the ATPase rates. The
object of the experiments in this paper was to determine the
limitations ofthe assay procedures before making any detailed
analyses. In general, the results for the PM ATPase resemble
those from a previous analysis (7), although that study did
not use a well-defined membrane preparation and the mem-
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Figure 11. Effect of temperature on movements of protons across
tonoplast vesicles. A, Diagram of a right-side-out tonoplast vesicle,
in which kp is the rate of H+ influx via the pump, k1 is the sum of the
rates of H+ effiux via antiports and symports, and kd is the rate of H+
efflux by diffusion through the membrane; B, comparison of the effect
of temperature upon two transport systems with different energies
of activation and the same rate at 150C. It is assumed that an
Arrhenius plot of the activities is linear over the range of temperatures
shown. The rate for both systems at 150C is arbitrarily set at 0.5
unit/min and kp has an Ea of 15 kcal/mol while k1 has an Ea of 22
kcal/mol. The inset shows the same calculations plotted over a wider
range of temperatures.

brane fraction contained a Ca2+-phosphatase of high specific
activity (discussed in DuPont and Hurkman, [10]).
The principal difference between the TN and PM ATPases

of barley roots was that the Ea for the PM ATPase was much
higher than the Ea for the TN ATPase. The Ea for ATP
hydrolysis by the PM ATPase was 18 kcal/mol. This is similar
to the results of Leonard and Hotchkiss (19), who obtained
an estimate of 19 kcal/mol for the PM ATPase from corn
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roots for a temperature range of 15 to 38°C and O'Neill and
Spanswick (22) who obtained an estimate of 17 kcal/mol for
the PM ATPase of red beet for the temperature range of 20
to 30C, but is somewhat higher than the results of Tu and
Sliwiski (30), who estimated 14 kcal/mol for the PM ATPase
from corn roots. The Ea for the TN ATPase from barley was
approximately 10 kcal/mol, as was the Ea for the TN ATPase
of tomato cells (11). The difference in Ea for the PM and TN
ATPases may reflect differences in the structure and mecha-
nism of action of the two enzymes. Differences in lipid
composition may also play a role in the temperature depend-
ence of the two ATPases. For example, the effects of temper-
ature on the reconstituted PM ATPase of red beet were quite
different from the effects oftemperature on the native enzyme
(22). If the TN ATPase has a lower Ea than the PM ATPase
in vivo as well as in vitro, then one might predict that the
relative importance of the two ATPases in regulating cyto-
plasmic pH would vary with temperature. At low tempera-
tures the TN ATPase might play a more important role,
whereas the relative importance of the PM ATPase would
increase with temperature.
The effect oftemperature on the steady state ApH was quite

different from the effect of temperature on initial rates of
transport. For both the PM and TN ATPases there was a
range ofat least 10°C where the steady state ApH was relatively
insensitive to temperature. One explanation might be that
temperature had a similar effect on proton influx via the
pump (Fig. 11, kp) and on proton efflux (Fig. 11, k1 + kd) via
antiports, symports, or passive diffusion through the mem-
brane. Another possibility is that regulatory mechanisms ad-
just proton efflux so that a constant steady state ApH is
achieved, regardless of the rate of proton transport by the
ATPase. For instance, 500 gM vanadate had little effect on
the steady state ApH formed by the PM ATPase, although it
inhibited the initial rate of transport by 80% (12). Brauer et
al. (4) made a detailed analysis of the effects of vanadate on
the steady state ApH and demonstrated that, although vana-
date inhibited influx of protons via the ATPase, it also greatly
decreased proton effiux from the PM vesicles.

Rates of ATP hydrolysis declined at temperatures above
40C for the TN ATPase and 45C for the PM ATPase. Rates
of proton transport and steady state ApH declined at lower
temperatures, suggesting that the vesicles became 'leaky' be-
fore the ATPases were damaged by high temperatures. It is
not simple to explain what leaky means in physical terms.
One possibility is an increase in the number of vesicles that
are not sealed and cannot form a ApH. If the vesicles remain
sealed, then a decrease in steady state ApH with an increase
in temperature means that the rate ofthe leak increased more
than the rate of the pump, which may mean that there was a
higher Ea for proton effilux than for proton influx (Fig. 1 1).
There are several mechanisms to account for proton efflux
from sealed vesicles. Simple diffusion through the lipid bilayer
should have a low Ea, but diffusion of unaccompanied pro-
tons would be limited by the formation of a membrane
potential. H+-efflux via proton antiports or symports might
have a higher energy of activation than the ATPase. H+-effiux
might also occur as a 'back-leak' via the pump. Not much
data is available on the effects of temperature on active and

passive processes in plant membranes (13, 16). Kami-ike et
al. (16) examined the temperature dependence ofthe electro-
genic pump of Chara corallina plasma membrane and found
that the pump conductance was much more temperature
dependent than the conductance ofthe passive channels. The
Ea for permeation of urea and methylurea into living cells
was surprisingly high, ranging from 10 to 18 kcal/mol in
Solanum slices (13).
More data on the effect of temperature on ion fluxes

measured in isolated vesicles may help to dissect the pathways
and mechanisms involved in ion transport, particularly if
methods to measure transport can be developed that are
temperature insensitive. Excessively low or high environmen-
tal temperatures often limit plant growth and agricultural
productivity. Membranes have been proposed to be sites of
damage by chilling injury, freezing injury, and heat. Knowl-
edge ofthe direct effects oftemperature on isolated membrane
vesicles will help to understand the effects of temperature on
membranes in vivo.

ACKNOWLEDGMENTS

Oat seeds were a gift from H. Sze, University of Maryland. Thanks
to William Hurkman, Joan Garbarino, Dennis Brown, and John
Windle for many useful discussions.

LITERATURE CITED

1. Anthon GE, Spanswick RM (1986) Purification and properties
ofthe H+-translocating ATPase from the plasma membrane of
tomato roots. Plant Physiol 81: 1080-1085

2. Bennett AB, Spanswick RM (1983) Optical measurements of
ApH and A¶' in corn root membrane vesicles; kinetic analysis
of Cl effects on a proton-translocating ATPase. J Membr Biol
712: 95-107

3. Bennett AB, Spanswick RM (1984) H+-ATPase activity from
storage tissue of Beta vulgaris. Plant Physiol 74: 545-548

4. Brauer D, Tu S, Hsu A, Thomas CE (1989) Kinetic analysis of
proton transport by the vanadate-sensitive ATPase from maize
root microsomes. Plant Physiol 89: 464-471

5. Burke JJ, Hatfield JL (1988) A thermal stress index for cotton
and wheat (abstract 298). Plant Physiol 86: S-50

6. Caldweli CR (1987) Temperature-induced protein conforma-
tional changes in barley root plasma membrane-enriched mi-
crosomes. Plant Physiol 84: 924-929

7. Caldweli CR, Haug A (1981) Temperature dependence of the
barley root plasma membrane-bound Ca2+- and Mg2+-depend-
ent ATPase. Physiol Plant 53: 117-124

8. Caldwell CR, Whitman CE (1987) Temperature-induced protein
conformational changes in barley root plasma membrane-
enriched microsomes. Plant Physiol 84: 918-921

9. DuPont FM (1987) Variable effects of nitrate on ATP-dependent
proton transport by barley root membranes. Plant Physiol 84:
526-534

10. DuPont FM, Hurkman WJ (1985) Separation of the Mg2+-
ATPases from the Ca2'-phosphatase activity of microsomal
membranes prepared from barley roots. Plant Physiol 77: 857-
862

1 1. DuPont FM, Mudd JB (1985) Acclimation to low temperature
by microsomal membranes from tomato cell cultures. Plant
Physiol 77: 74-78

12. DuPont FM, Tanaka CK, Hurkman WJ (1988) Separation and
immunological characterization of membrane fractions from
barley roots. Plant Physiol 86: 717-724

13. Fennell A, Li PH (1986) Temperature response of plasma mem-
branes in tuber-bearing Solanum species. Plant Physiol 80:
470-472

1411



Plant Physiol. Vol. 89, 1989

14. GarbarinoJ, DuPontFM (1988) NaCI inducesaNa+/H+ antiport
in tonoplast vesicles from barley roots. Plant Physiol 86: 231-
236

15. Grzesiek S, Dencher NA (1988) The 'ApH'-probe 9-aminoacri-
dine: response time, binding behaviour and dimerization at
the membrane. Biochim Biophys Acta 938: 411-424

16. Kami-Ike N, Ohkawa T, Kishimoto U, Takeuchi Y (1986) A
kinetic analysis of the electrogenic pump of Chara corallina.
IV. Temperature dependence of the pump activity. J Membr
Biol 94: 163-171

17. Lebel D, Poirier GC, Beaudoin AR (1978) A convenient method
for the ATPase assay. Anal Biochem 85: 86-89

18. Lee HC, Forte JG, Epel D (1982) The use of fluorescent amines
for the measurement of pHi: applications in liposomes, gastric
microsomes, and sea urchin gametes. In R Nuccitelli, DW
Deamer, eds, Intracellular pH: Its Measurement, Regulation,
and Utilization in Cellular Functions. Alan R Liss, New York,
pp 135-160

19. Leonard RT, Hotchkiss CW (1976) Cation-stimulated adenosine
triphosphatase activity and cation transport in corn roots. Plant
Physiol 58: 331-335

20. Lomax TL, Melhorn RJ (1985) Determination of osmotic vol-
umes and pH gradients of plant membrane and lipid vesicles
using ESR spectroscopy. Biochim Biophys Acta 821: 106-114

21. Lynch DV, Thompson GA Jr (1984) Microsomal phospholipid
molecular species alterations during low temperature acclima-
tion in Dunaliella. Plant Physiol 74: 193-197

22. O'Neill SD, Spanswick RM (1984) Characterization of native
and reconstituted plasma membrane H+-ATPase from the
plasma membrane of Beta vulgaris. J Membr Biol 79: 245-
256

23. Platt-Aloia KA, Thomson WW (1987) Freeze fracture evidence
for lateral phase separations in the plasmalemma of chilling-
injured avocado fruit. Protoplasma 136: 71-80

24. Perlin DS, San Francisco MJD, Slayman CW, Rosen BP (1986)
H+/ATP stoichiometry of proton pumps from Neurospora
crassa and Escherichia coli. Arch Biochem Biophys 248: 53-
61

25. Pope AJ, Leigh RA (1988) Dissipation of pH gradients in tono-
plast vesicles and liposomes by mixtures of acridine orange
and anions. Plant Physiol 86: 1315-1322

26. Raison JK, Off GA (1986) Phase transitions in liposomes formed
from the polar lipids of mitochondria from chilling-sensitive
plants. Plant Physiol 81: 807-811

27. Schumaker KS, Sze H (1985) A Ca2+/H' antiport system driven
by the proton electrochemical gradient of a tonoplast H+-
ATPase from oat roots. Plant Physiol 79: 1111-1117

28. Steponkus PL (1984) Role of the plasma membrane in freezing
injury and cold acclimation. Annu Rev Plant Physiol 35: 543-
584

29. Sze H (1985) H+-translocating ATPases: advances using mem-
brane vesicles. Annu Rev Plant Physiol 36: 175-208

30. Tu S-I, Sliwisky BJ (1985) Mechanistic investigation on the
temperature dependence and inhibition of corn root plasma
membrane ATPase. Arch Biochem Biophys 241: 348-355

DUPONT1412


